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A novel experimental setup designed to study the dynamics of two-dimensional (2D)
structures is presented. It consists of a square container filled with a thin layer of a
conducting electrolyte solution, namely potassium hydroxide. With permanent mag-
nets creating an axial magnetic field and a set of electrodes of alternating polarity
distributed around the edges of the container, we generate coherent primary vortices.
Farther from the edge, secondary vortices are observed driven by the primary ones
and because the fluid used is viscous. We report the onset of self-generated jets
heading from one corner towards the center of the container. We show that they are
a consequence of vorticity induced by the magnetic field gradient interacting with
the primary and secondary edge vortices. Consequently, the latter are observed to
go through a vortex merging process because of this gradB perturbation. A station-
ary regime is achieved 60 seconds from turning the electric current with correlation

functions reflecting the coherent modes in the flow.
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I. INTRODUCTION

Two-dimensional (2D) turbulence is the focus of a large number of studies for funda-
mental reasons where a good knowledge of this phenomenon is still needed and for its wide
applications in many important areas like fusion plasmas and geophysics. In nuclear mag-
netic fusion reactors!, it is necessary to confine the particles for a certain time in order to
achieve fusion. The measurements done at the edge of the confined region shows that the
particles are quivering toward the walls. This anomalous transport is done by 2D turbulence
and reduces the energy confinement in nuclear fusion reactors. Therefore, the understanding
of 2D turbulence is a key issue to overcoming and controlling this anomalous transport in
order to increase the efficiency of these machines to produce future energy. On the other
hand, several phenomena observed in the atmosphere and the oceans, such as the inverse
energy cascade, can be reproduced and studied in simple laboratory experiments 2. These
experiments provide, thus, a necessary tool to develop models that replicate some properties
of the atmospheric and oceanic activities for a better prediction of the climate changes as it

was done in Ref.34.

In the past, various experimental setups were built to study 2D turbulence using mainly
two types of fluids: soap films and electrically conducting solutions. In soap films, Couder
et al. visualized 2D turbulence using a grid of cylinders across a horizontal flow and vortex
merging was observed and characterized®®. Later on, advanced techniques were designed

"8 In electrically conducting solu-

leading to precise velocity and vorticity measurements
tions, such as liquid metals and electrolytes, 2D vortices were generated by the Lorentz force.
The magnetic field suppresses the velocity fluctuations in the direction parallel the field lines
which results in 2D flow”1?. In this context, Sommeria et al.? studied the dynamics of a thin
layer of the liquid mercury in a square container in the presence of an alternating horizontal
electric field and a strong axial magnetic field. Energy spectra showing the inverse cascade
as well as vortex merging were observed in these experiments. Another setup was built
to investigate 2D turbulence using electrolytes where a unidirectional electric current was

driven from one side of a square or rectangular container to the other, in the presence of

an axial magnetic field created by an array of permanent magnets fixed from below. These



containers were filled with two layers of conducting solutions with different densities and
the stratification at the interface enhances the vertical momentum transfer resulting in a
2D flow in the upper layer. The alternation of upward and downward magnetic field lines
with the unidirectional electric field create an array of coherent vortices covering the sur-
face of the flow as long as the current is turned on. After shutting it down, a quantitative

112 The power laws

analysis of the decaying regime was performed as a function of time
found experimentally were consistent with the results obtained numerically'®. The inverse
energy cascade which was experimentally studied in? for the first time, was later observed in
a system which satisfies stationarity, homogeneity and isotropy 4. A 2D enstrophy cascade
was also observed experimentally in Ref.!®. In addition to the study of coherent vortices
in a decaying and in a forced system, the study of dynamic jets generated within the flow

was done in'.

Practically, the permanent magnets were assembled below a rectangular
container with different arrangements and by changing the direction of the electric current
with respect to the sides of the container, different types of jets were produced.

We present in this paper a new experiment to generate 2D coherent structures and to
investigate their 2D properties. We describe the experimental setup and discuss the dynam-
ics of the flow. The experiment shows that coherent vortices are generated near the edge of
the container, as expected. These are called primary vortices. Further away from the edges,

secondary vortices of different size are observed. We are able to fully explain the onset of

jets and reveal the role of the magnetic field gradient in generating vorticity.

II. THE EXPERIMENTAL SETUP

The square container shown in Fig. 1 is a 25 X 25 cm box made of electrically non-
conducting Plexiglas plates. On each one of the four walls, 13 stainless steel electrodes,
of length 16 cm each, are inserted with alternating polarity. The distance between two
consecutive electrodes is 2 cm. They are connected in parallel to a DC power supply.
Consequently, the electric field strength between each two consecutive electrodes is the same,
but the direction is inverted when going from one couple of electrodes to the following.

The electrolyte used in our experiments is a Potassium Hydroxide (KOH) solution with
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a concentration is 27% of water mass where the solution is at its maximum conductivity of
approximately 550 Siemens/m'”. The viscosity of the KOH solution is about that of water.

Below the container, 33 Neodymium permanent bar magnets of size 7.62 x 1.27 x 0.64 cm
are inserted in three adjacent drawers each having 11 magnets and fit below the container
as it is shown in Fig. 1. The distance between two consecutive magnets is 1 cm in the z
and y directions. Because of the distribution of the magnet bars, a spatially variable axial
magnetic field is produced at the container surface. The magnetic field was measured using
a Tesla-meter probe which measures the intensity of the magnetic field based on Hall Effect.
Fig. 2(a) and (b) illustrates the axial magnetic field as a function of x and y for several
values of y’s and x’s respectively. The positive values indicate a constant magnetic field
direction whereas the amplitude changes. In the x-direction, strong magnetic field gradient
is reported in the region between the drawers and the gradient, assessed to be about 1 T /m.
In the y-direction, on the other hand, the set of discrete bars lead to a small amplitude
oscillation in the magnetic field strength.

In order to diagnose the flow, we use two complementary methods. According to the first,
a green dye emitting in the range 0.515 pm is dropped in the solution and a uniform white
light source is used. The dye can be dropped at various times and various locations during the
experiment and this can yield several information about the dynamics of the flow at different
times. The other method is similar to Particle Tracking Velocimetry (PTV) technique'®
where glass beads are distributed in a homogeneous fashion in the electrolyte solution. By
inserting a cylindrical lens in front of a green laser, a laser sheet of thickness 2 mm is formed
in order to illuminate the flow. The sheet crosses the solution at approximately half the
depth of the electrolyte solution. The reflected light is captured using the FC13 digital
camera fixed above the container. It records images up to 10 frames/second at 2048 x 1536

pixels. Since the whole container is imaged we obtain a spatial resolution of 0.16 x 0.12 mm.

III. THE FORMATION OF PRIMARY VORTICES

The solution is composed of positive KT and negative OH ~ ions of equal concentration.

In order to illustrate the generation of primary vortices, we draw in Fig. 3 four electrodes
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and the consequent three electric fields, E , with alternating directions in the presence of an
axial magnetic field, B , pointing out of the page. The Lorentz force is responsible for the

motion near the walls leading to the fluid acceleration. The Navier-Stokes equation is

v
P o

with j being the electric current density given by Ohm’s law

— —Vp+J x B+ uli (1)

j=0o(E+7xB). (2)

The fluid density is p, o is the solution electric conductivity, p is the fluid pressure, v is
the velocity field, E is the applied electric field with components (E,, E,,0) and B is the
magnetic field B= (0,0, B). At one boundary, we have E, = 0 and neglecting the pressure
gradient and viscosity, one can rather easily show that, for small Reynolds numbers, one has

the solution

E B2
v, (t) = fy(l —exp (—t/7)), where 7= Up.

Consequently, a typical time for the increase of the velocity is of the order of 10 ms. Of
course the velocity will not increase to reach E,/B ~ 100 m/s since non-linear effects and
the drag of the fluid that needs to be moved will bring the end velocity down to about few
centimeters per second. By alternating the direction of the electric field while preserving the
direction of the magnetic field, we create a velocity field towards the container wall at some
places and away from it at others. Extending this analysis to the rest of the container, we
find that consecutive vortices are expected to circulate in opposite directions near the wall.

Experimentally, the onset of vortical motion was recorded with the container filled with
a layer of KOH solution of depth 1 cm. A potential difference of 2.5 V is applied across
each couple of electrodes driving in the solution a total current of 1 A. The experiment
was done using the dye as a tracer and was recorded using the FC13 fast imaging camera
capturing at the rate of 5 frames per second. The procedure started by one drop of dye
at one side of the container which is then left to diffuse creating a rather large spot with

diameter about the distance between two electrodes as it is shown in Fig. 4(a). The current
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is then turned on and the evolution of the flow in front of the electrodes is recorded. In
(b), taken 2 seconds after the current is turned on, the motion in front of the electrodes
is visible where in between the electrodes, the dye is pushed away from the edge of the
container while outside it is pulled towards the edge. This is in agreement with Fig. 3 and
the theoretical predictions that we have discussed above. In (¢) and (d), one can identify the
two counter-rotating vortices which start to change shape as a consequence of the non-linear
interaction among neighboring vortices; this aspect can be seen in Fig. 3(e) to (h) where the

vortex pair is deformed.

IV. SECONDARY VORTICES

Away from the edge of the container, where primary vortices are driven by the Lorenz
force, another succession of vortices are observed. The electric field is strongest at the edge
of the container where the distance between electrode is the shortest. As the flow is viscous,
momentum is transported to regions far from the wall causing the onset of secondary vortices.
They can be observed in Fig. 5 forming a raw parallel and counter-rotating with respect to
the primary vortices. The size of the secondary vortices is about the same as the primary

ones but they are seen to circulate at lower speed.

V. SELF-GENERATED JETS

The dye is dropped at one corner and its motion is recorded as it is transported by at first
primary vortices. To our surprise, it is observed that the primary vortices have disappeared
and the dye is pushed from a corner towards the center of the container at relatively a
high speed. Fig. 6 shows consecutive images where the dye, instead of remaining near the
container edge transported by primary vortices, it is directed to the center of the container
in the form of a coherent diagonal jet. In this section, we describe the formation process
of these ‘self-generated’ diagonal jets. In Fig. 6(a) we see the row of primary vortices close
to the container edge are nearly absent especially close to the top-right corner. In (b) the

jet starts to be visible as the dye is transported towards the middle of the container and



this aspect is clearer in (c), (d) and (e). The propagation speed of the dye is estimated to
be about 5 cm/s. However, from sub-plots (e) to (h), the jet seems to stop and the dye is
diverted to the right and the left. We shall show that the formation process of this jet is
rather complex, caused initially by what we call a gradB jet with dynamics coupled to edge
vortices modifying the latter. This explains the lack of primary vortices near the top-right
corner giving rise to two diagonal jets in opposite directions which explains why the jet in

Fig. 6 stops in the middle of the container.

A. Phase I: gradB Jets

To unveil the onset of the diagonal jet, we performed an experiment where we first let
the dye cover the entire surface of the container. When the current is on, two jets parallel to
each others are observed. They move in the y-direction from one side of the container to the
other as shown in Fig. 7 which displays their evolution at different times. Fig. 7(a), taken
10 s after the current is switched on, shows that the jets are still absent and only vortices
are generated at the container edges. Fig. 7(b) is taken 5 s later, that is 15 s after the power
is on, clearly shows two parallel jets moving the dye in the y-direction. Fig. 7(c) shows that
they affect a larger area before they start to deform in (d) because of their interaction with
primary and secondary vortices.

The two parallel jets are formed above the space between adjacent drawers below the
container. The absence of a magnetic field as shown earlier in Fig. 2 creates there a strong
magnetic field gradient of about 9,B ~ 1 T/m. It is rather well-known in plasma physics
that despite the explicit absence of the magnetic gradient in the magnetohydrodynamic

t19. In order to show

equations, it plays nevertheless a role similar to the pressure gradien
this effect from a purely neutral fluid dynamics point of view, let us consider the Navier-
Stokes equation in 2D. Since we are analyzing the onset of these structures, the non-linear
term is neglected. Far from the container edge, we have E = E,z+ E,y+ 0z where now the
two components of the applied electric field may be of the same order. Eq. 1 is projected

on the x and y-directions and in order to remove the pressure gradient term, we take the

partial derivative of Eq. 1 with respect to y and subtract it from the partial derivative of
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Eq. 1 according to x. The resultant equation is that for vorticity where

Ow
P ot
This equation shows that vorticity is dissipated by a strong magnetic field but it is

= 0B(0,E, + 0,E,) + 0(E,0,B + E,0,B) — 0 Bw (3)

generated by gradients in either the electric or the magnetic field. The gradient of the axial
magnetic field gradient in the z-direction is almost 10 times stronger than the gradient in
the y-direction, as it can be deduced from Fig. 2(a) and (b). Consequently, the dominant
term in vorticity generation is o F,0,B. The magnetic field dip in the z-direction leads to a
gradient which has a positive and a negative parts driving vorticity in opposite directions,
thus generating counter-rotating structures. This is illustrated in the sketch of Fig. 8 where
we emphasize that in the region where the magnetic field is zero, the two counter-rotating
vortices lead to fluid motion in the same y-direction. Extending this analysis to several
magnets, a succession of opposite and counter-rotating vortices take place in the region of

strong magnetic field gradient driving a jet in the region of minimum magnetic field.

B. Phase 1I: Diagonal jets

The second phase in the diagonal jet generation is dominated by the gradB jet interaction
with secondary and primary vortices. As it can be seen in Fig. 7 secondary vortices exist
on both sides of the jet. In order to understand the gradB jet interaction with vortices, we
performed an experiment where glass beads are used as tracers and the illumination is done
with a laser sheet. A contour plot of an area that is about 11 x 16 cm near the upper right-
hand corner of the container is determined at half the maximum light intensity. We overlay
the result of several frames in order to show the trajectories of the beads as they move in
time. This is shown in Fig. 9 where in (a) one of the two gradB jets is seen heading from
the top of the figure to its bottom along with the secondary vortices on the sides. Because
of the jet interaction with the secondary vortices, these vortices start to merge resulting in
a large vortex observed in Fig. 9(b). Similarly, another large vortex is formed on the right-
hand side of the jet and is more visible in Fig. 9(c). The merging of the boundary vortices

explains the trajectory of the dye and the apparent absence of primary vortices in Fig. 6.



Consequently, we deduce that the interaction of the gradB jet with the boundary vortices
leads to (1) vortex merging at the edge and (2) modification of the gradB jet direction from
the y direction to almost diagonal. The jet is still observed in Fig. 9(d) taken 40 seconds

later which is an indicator of its persistence as a function of time.

C. The Final Flow

The final stage of the flow is illustrated in Fig. 10 which shows the whole container 4
minutes after turning the current on. The merging of the vortices with the gradB jets
results in large vortices near the upper right-hand and lower left-hand corners. The reason
for this fact not seen on the other two corners is caused by the polarization of the electrodes
there. When they are polarized to drive the flow away from the corner, they contribute to
the jets formation, when they polarized to have the fluid moving towards the edge the jet
is not formed. In Fig. 10 now it is clear that there are two diagonal jets moving in opposite
directions and this explains why the jet in Fig. 7 did not cross the whole container.

Three types of forces are competing in our flow, viscous, Lorentz and inertial. The dimen-
sionless numbers should give us an idea about the important players. To compare between
the j x B electromagnetic force and the inertial force pU.(ﬁﬁ) in the momentum balance
equation, the interaction parameter N, which in our case has an electric and magnetic
components, is calculated :

_o(AV)B  oB*L

N = — + ~ 400 + 10°. (4)
pU pU

It indicates that the electrical component dominates the inertial one which on its turn

dominates the magnetic component of the Lorentz force. To compare between the viscous
and the electromagnetic forces which appear in the Navier-Stokes equation, the Hartmann

number is calculated, which also has an electric and a magnetic components

, JxB oAVLB Lo

Ha* = — ~
(A) fv ft

~ 10° + 25 (5)

Here, p is the dynamic viscosity of the KOH solution considered to be that of water. Clearly

the electric component of the Lorentz force dominates by far the dynamics. The Reynolds



number assesses the importance of the inertial term with respect to the viscous one

v.(VY) oL
= ~ — ~ 2
Re= =5~ ~ 20 (6)

The Reynolds is not large for the flow to be turbulent but in a range where inertial forces

dominate the viscous forces and where the flow would record complex motion.

VI. THE STATISTICAL PROPERTIES OF THE FLOW

A. Determining the Velocity Field

Now that we described and explained the flow’s dynamics in our setup, we aim in this
section to characterizing this evolution in a statistical fashion by accounting for the dynamics
of the flow mixing boundary to core dynamics. For this purpose, we first determine the
velocity field inside the container by using the spherical glass beads illuminated by the
laser sheet. The velocity is obtained by following the beads light reflection from one frame
to another taken at the rate of 5 frames/second. This method is quite similar to particle

20.21 "1t consists of finding the light intensity maxima in a certain

tracking velocimetry (PTV)
region for two consecutive frames. In order for a velocity field to be defined, maxima should
move a minimum of 1.5 pixels and a maximum 6 pixels in the image. The lower bound
is determined after investigating a movie without beads motion and determining on the
average of the light intensity fluctuations. The upper bound is determined by the flow
maximum velocity. Fig. 11 shows the velocity vectors using our PTV method. The figure
illustrates the overlay of several consecutive contours, at half maximum intensity, along
with the velocity obtained from PTV. Excellent agreement is obtained between the two
methods. Nevertheless, there exist errors which are mainly caused by the appearance and
disappearance of glass beads as they slowly sediment towards the bottom, hence, moving into
the laser sheet when coming from the top layers and out of it when going to the bottom. We

assessed the number of maxima which appears and disappears by recording the flow without

the electric current and found that only 5% might undergo this change.
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B. Correlation Functions and Stationarity

Once the current is applied, the electrolyte starts to move as discussed above. The goal
of this section is first to determine the correlation properties of the flow and consequently
deduce the time after which the flow can be considered to be stationary. Using the x and

y-components of the velocity field, we calculate the correlation functions defined as

=

N(t) (t)
Co(Az,t) = > v(wi, ys, )va (s + Az, yi, 1), Cy(Ay,t) = vy(@4, ys, t)vy (T4, i + Ay, t)

i=1 i=1

The sum is over the number of maxima in each frame which moved between two frames
according to the rules described above. For velocity fields not correlated, we have C, =
(v(z)v(z + Az)) = (v)?. If the average value is subtracted from the velocity field than
C, = 0. On the other hand, excellent correlation leads to C, = (v?).

In Fig. 12(a) and (b), we plot the correlation function of v, and v, respectively as a
function of Az and time t. In both directions, the correlation amplitude is about zero
before the current starts to flow in the KOH solution. At about 10 s, the amplitude as well
as the width of the correlation start to grow in the y-direction. The total energy, determined

by integrating the correlation function

N(t) N(t)
Ea:(t) = Z Z U:r(xi; yivt)vx<xi + Al’, yzat) ) Ey(t) = Z Z Uy(.’L’i, yiat)vy(mi + Al’,yia t)

Az i=1 Ay i=1

is shown in Fig. 12(c) as a function of time. In the y-direction the E, increases rapidly
and over-shoot in a time-scale about 10 s. We interpret this over-shooting as a consequence
of the gradB jets. Between 20 and 60 s the correlation amplitude drops slowly to reach
values equal to that in the z-direction. On the other hand, we do not record this over-shoot
on F, but it rather slowly increases reaching a stationary state at ¢ ~ 60 s.

The correlation function in the y direction reflects the onset of scales smaller than 2 cm,
the injection scale, with a high level of correlation and large scale structures that are about
10 and 15 cm. The latter results from the gradB jets and vortex merging. The coherent
dynamics of the flow is reflected in the correlation function which does not show a scaling

region but rather coherent modes at different length scales in both the x and y directions.
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VII. CONCLUSION

We presented a study of two-dimensional coherent structures using conducting liquids
subject to electromagnetic force. The electric field is generated between equally-spaced
electrodes inserted at the edge of the container. The magnetic field is created by permanent
neodymium bar magnets fixed below the container. When the current is turned on, coherent
vortices are generated at the edge in agreement with the theoretical predictions. Since the
flow is viscous, primary vortices lead to the creation of secondary vortices which are farther
from the container edge. The setup of the magnets created a region with a large gradient in
the axial magnetic field. It was shown that this generates vorticity and thus lead to the onset
of what we call gradB jets. The interaction of these jets with the primary and secondary
vortices lead to a modification of the jet direction and to vortex merging. We emphasize
the fact that edge vortex merging is observed only where the jet perturbs the flow acting
as an important factor in this process. We performed PTV on glass beads in the flow and
obtained the velocity field and the spatial correlation functions. Consequently, we were able
to determine the time about which stationarity is reached. The spectra of the kinetic energy
did not show a scaling region but rather coherent spikes at different length scales. This is a
consequence of the fact that the flow did not reach a fully turbulent regime but remains in

a state where coherent vortices dominate the dynamics.
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FIG. 1. In the left-hand image, we see a top view of the square container with the electrodes
distributed at the edges. In the right-hand image, the bar magnets underneath the container in

the three drawers are shown. The x and y directions are illustrated.

B [mT]
=N
OI o

o

0 5 10 15 20 25
y [cm]

FIG. 2. Variation of the axial magnetic field in the x (a) and y (b) directions for different positions.

In (b), the dots and ‘x’ markers represent the magnetic field strength at x = 8 cm and 24 cm.
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FIG. 3. Four electrodes are illustrated with the alternating electric fields in the presence of an
axial magnetic field. The leftward and rightward forces result in the vortical motion shown on the

right hand side. The ﬂ and F__ are the forces exerted on positive and negative ions respectively.

FIG. 4. The formation of a vortex pair near the edge as a function of time. In (a) it is a dye
spot that was left to diffuse without the presence of an electric field. As the current is turned on,
the modification of this spot shape is caused by the j x B velocity. The time between consecutive

frames is 2 seconds. All the frames possess the same color axis.
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FIG. 5. The dashed rectangles indicate the location of the secondary vortices away from the edge.

The time between consecutive images is 20 seconds. All the frames possess the same color axis.

/ 30 cm

FIG. 6. Diagonal self-generated jet as it develops at the top-right corner as a function of time.
In (a), one notes the absence of primary vortices and the jet is direction can be seen as the dye
moves from (a) to (d). It then stops (c) to (g) and changes direction (h) to (1). The time between

consecutive frames is 1 s.
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FIG. 7. The formation of the parallel gradB jets as a function of time. The dye was left to diffuse
to fill the whole container. From (a) to (d) the images are taken at ¢ = 10, 15, 20 and 25 seconds
after the current is on. In (a), we point out the existence of primary vortices at the container edge.
In (b), the two jets are observed as they move the dye in the z-direction. This is even clearer in
(c) and in (d) we observe the interaction between these gradB jets and the primary and secondary

vortices leading to the modification of both properties. All the images possess the same color axis.
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Fluid motion

Neodymium
magnets

FIG. 8. In order to understand the gradB jet formation, we illustrate the neodymium magnets and
the axial magnetic field gradient along with the electric current direction. The arrowed arcs repre-
sent the counter-rotating vortices induced by the magnetic field gradient leading to the formation

of a coherent unidirectional motion as is observed by the dye.
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FIG. 9. The formation of a diagonal jet as a function of time is illustrated in this figure as we
overlay the contour plots of 50 images at half the light intensity maxima coming from the beads.
In (a), t = 10 — 20 s primary and secondary vortices are visible as well as the gradB jet. In (b)
t =30—40 s, it shows the vortex merging and the onset of one large vortex. In (c), t = 70 — 80 s
shows the appearance of another large vortex that was hardly visible in (b) to the extreme right
to form two counter-rotating vortices and the jet now is moving in the diagonal direction. in (d),
we overlay between ¢t = 110 — 120 s after the power is switched on and it confirms (c). The white

straight lines result from the shadow of the electrodes which intercept the laser sheet.
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FIG. 10. This image is taken 4 minutes after the current is switched on. It gives an idea about the
dynamics that are occurring inside the container. One can see the primary and secondary vortices,
the two diagonal jets and the large vortices caused by vortex merging of the primary and secondary

vortices as they interact with the gradB jets.
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FIG. 11. We overlay the contour plots of 20 frames of the light reflection from the beads. the red
arrows on the other hand represent the vectors velocity deduced from two consecutive frames. In

(a), we show the velocity field for a rectilinear motion of the beads and in (b), we show the velocity

field for a vortex.
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time [s]

FIG. 12. The variation of the correlation function C, as a function of Az and time using the
x component of the velocity field in (a) and the y component in (b). In (c¢), we plot the total

(3]

correlation energy in arbitrary units as a function of time using the z, *.’, and y, ‘0’, components

of the velocity field.

22



